Abstract
So in the case of upstream oxidation where membranes benefit in terms of performance, there 76 is a clear alteration of the chemical properties of the water borne compounds that will impact 77 other downstream processes. In the case of saline wastewater, low pressure membranes are 78 widely applied prior to reverse osmosis (RO) as a pre-treatment. Normally oxidation would be 79 applied in a water recycling scheme downstream of RO, however, it is generally understood 80 that the mechanisms to increase hydrophilicity of organics in wastewater would be useful in 81 controlling RO membrane fouling. Such benefits including minimising cleaning and membrane 82 replacement, and reduced energy requirements due to reduced RO fouling, were explored in a 83 dedicated study [15] . Membrane bioreactor (MBR) effluent was fed directly to a dual train pilot 84 RO system with one train featuring an ozone stage, while the other fed directly by MBR 85 permeate. The reduction to membrane fouling was demonstrated over 3000 hours of testing, 86 showing reduced membrane permeability deterioration suggesting longer term benefits to RO 87 membranes in terms of longevity, reduced cleaning costs and lower energy requirement [15] .
88
Without ozone, RO flux declined by 12% while with ozone only declined by 6%. Similar 89 beneficial effects were reported at bench scale [16] . Recent work on application of ozone and
90
CMF followed by biologically active filtration upstream of RO for water recycling application 91 found uniquely that RO foulants after ozone and CMF were easily removed with water rinsing
92
[17]. This promising finding shows that in the case when ozone is applied upstream, reduced 93 cleaning maintenance of the RO membranes is expected. The process was subsequently 94 adopted for a 9 month potable reuse trial [18, 19] . However, these used biological processes 95 after oxidation, may not be necessary to apply prior to RO.
97
Oxidation (i.e., ozone or UV) in practice is typically followed by biological filtration. Ozone 98 breaks down larger molecular weight organic matter increasing the assimilable organic carbon 99 proportion, favouring micro-organism growth [20] . The study by Nguyen and Roddick 100 highlighted that the ozonation of the raw activated sludge effluent produced biodegradable CMF performance compared to ozone on its own [22] suggesting that despite the BDOC 106 removing ability of BAC, it is not useful for high CMF performance and could be avoided for 107 pre-treatment to RO.
109
Disinfection by chloramines is generally practised prior to the RO process to prevent the 110 membrane from biofouling in a conventional RO-based water recycling application [23] .
111
Hence, despite the increase in biodegradability of organics due to ozone, the application of 112 chloramine may assist in controlling biofouling. However, the use of chloramines can lead to from a full-scale water recycling plant was used for the purpose of this work.
135

Materials and Methods
136
Raw water source 137 The water source used for this study was 'Class A' recycled water from one of Melbourne's wastewater from both domestic and industrial sources. To meet Class A specification, the 140 incoming sewage is treated via an anaerobic and aerobic process followed by chlorination and 141 UV treatment. The recycled Class A water has characteristics as indicated in Table 1 
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Where µ is viscosity, Kmem is the resistance of the clean membrane, ktotal is the total resistance
204
(membrane and fouling resistances), and V is the specific volume (L/m 2 ). was increasing. When coagulant was instead applied, the change in fouling rate was similar.
312
However the change in fouling rate reduced significantly to 27% with the combined ozone- which is similar to the ozone-coagulant treated water.
331
The HIFIs shown in Table 2 unless it could come from particle organic matter as a result of advanced oxidation UVH. Figure 2c , the effect in addition to coagulation (Figure 2b) NDMA. In the same work, the O3/DOC mass ratio was analysed, where plants showed ratios 456 ranging from 0.2 to 1.5 w/w. In our case, the ratio was 1.4 w/w as ozone dose was 13 mg-
457
O3/L and DOC was 9.0 mg-C/L, which is at the higher end of their reported range. Figure 3 suggests that for consideration of the 472 use of the recycled water, the choice of oxidation to achieve high CMF fluxes will have a 473 strong impact on NDMA formation while chloramine dosing will have less of an effect. CROconc/CROfeed, with various pre-treatments determined by LC-OCD (b).
509
The RO test aimed to simulate a RO plant where in a single housing, a series of elements (e.g., system or deposition on the membrane). However, the ratios were instead mostly around 7 and 550 lower, suggesting that the recovery based on the concentration ratio was closer to 85%. The 551 exception to this was the very large ratio (13.9) for the hydrophobic organics in 552 ozone+coagulation+CMF pre-treated water which will be discussed later.
553
The hydrophobic fraction ratios was similar for CMF only (6.9) to coagulant + CMF (7.3), and 554 close to the concentration ratio around 7 indicating little permeation or deposition of these 555 fractions. Ozone+coagulation+CMF showed a very high ratio (13.9) where CROfeed was low due 556 to oxidation, but increased more than the RO concentration factor. It cannot be concluded from 557 the present data if this was due to an effect to increase hydrophobic property of organics due Table 5 shows the BDOC test results specifically for waters pre-treated to be fed to RO. No 630 significant change in BDOC was observed between CMF or coagulation+CMF pre-treatment.
631
BDOC however increased after ozone, ozone+coagulation, UVH and UVH+coagulation prior Bioassay results
652
The bioassay analysis showed that the concentration of bacterial cells in the 
676
Another interesting feature of the crystal violet assay was the consistently lower biofilm 677 formation when ozone was used. While it was observed that cell growth is enhanced in the 678 presence of water that was treated by ozone (Table 5 and Figure 6 ), the formation of an actual 679 biofilm which is responsible for biofouling of RO membranes appears suppressed. Biofouling 680 is a complex phenomenon, and recent research has shown that MF pre-treatment of 681 wastewater leads to enhanced biofilm formation [23] . This was found to be due to the removal (Table 3) . Also, it was noted during analysis of the RO concentrate (Figure 4b) , that humic 690 substances can deposit on, or permeate into, the RO membrane which implies they can attach Table 6 was 711 greater than without ozone, which is the opposite trend to that in Figure 7 which may be due 712 to differences between composite fouling layers and biofilms, as well as effects of permeation 713 and cross flow that occur in the case of RO operation. The differences in the results of the RO 714 biofilm for the crystal violet assay will be now looked at more closely using confocal 715 microscopy to observe the abundance of bacterial cells within the biofilm. In considering the application of ozone prior to RO, in a previous pilot trial the lack of 757 biofouling observed was attributed to the use of BAC to digest organics prior to RO [18, 19] .
758
However it may not be required to utilise BAC in all cases. In the 3000 hour pilot trial of RO Further, the oxidised foulants loaded on the RO membranes were more porous ( Figure 5 ).
776
These may have played a key role in limiting the thickness of the active biofilm, despite the 777 organics being more easily assimilable. It appears that ozone (and potentially UVH) treatment 778 prior to RO is not likely to create additional biofouling operation issues. However, further 779 work is needed to confirm similar benefits on other wastewater matrices and process 780 conditions.
782
The results presented here are representative of a real system, but do not take into account 
Conclusions
791
In the current study, pre-treatments of RO feed water with coagulation and oxidation processes 792 and filtration with ceramic membranes were proposed for application in wastewater recycling.
793
The main outcomes and recommendations from this work were as follows: 
